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Abstract 

Background: Agrobacterium tumefaciens-based transient assays have become a common tool for answering questions 
related to protein localization and gene expression in a cellular context. The use of these assays assumes that the 
transiently transformed cells are observed under relatively authentic physiological conditions and maintain 'normal' 
sub-cellular behaviour. Although this premise is widely accepted, the question of whether cellular organization and 
organelle morphology is altered in Agrobacterium-'mfWtrated cells has not been examined in detail. The first indications 
of an altered sub-cellular environment came from our observation that a common laboratory strain, GV3101(pMP90), 
caused a drastic increase in stromule frequency. Stromules, or 'stroma-filled-tubules' emanate from the surface of 
plastids and are sensitive to a variety of biotic and abiotic stresses. Starting from this observation, the goal of our 
experiments was to further characterize the changes to the cell resulting from short-term bacterial infestation, and to 
identify the factor responsible for eliciting these changes. 

Results: Using a protocol typical of transient assays we evaluated the impact of GV3101(pMP90) infiltration on 
chloroplast behaviour and morphology in Nicotiana benthamiana. Our experiments confirmed that GV3101(pMP90) 
consistently induces stromules and alters plastid position relative to the nucleus. These effects were found to be the 
result of strain-dependant secretion of cytokinin and its accumulation in the plant tissue. Bacterial production of the 
hormone was found to be dependant on the presence of a frans-zeatin synthase gene (tzs) located on the Ti plasmid 
of GV3101(pMP90). Bacteria-derived cytokinins were also correlated with changes to both soluble sugar level and starch 
accumulation. 

Conclusion: Although we have chosen to focus on how transient Agrobacterium infestation alters plastid based 
parameters, these changes to the morphology and position of a single organelle, combined with the measured 
increases in sugar and starch content, suggest global changes to cell physiology. This indicates that cells visualized 
during transient assays may not be as 'normal' as was previously assumed. Our results suggest that the impact of the 
bacteria can be minimized by choosing Agrobacterium strains devoid of the tzs gene, but that the alterations to 
sub-cellular organization and cell carbohydrate status cannot be completely avoided using this strategy. 
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Background 

The soil-borne bacterium Agrobacterium tumefaciens is 
the cause of crown gall disease in various plant species. 
The Ti-plasmid of virulent A. tumefaciens strains is es- 
sential for tumor induction during bacterial infection. A 
distinct part of this plasmid (the T-DNA) is excised and 
transferred to the plant cell via a type IV secretion appa- 
ratus, then transported to the nucleus where it is finally 
inserted into the plant genome. The transferred wild type 
T-DNA encodes genes that force the transformed plant 
cell to synthesize the plant hormones auxin and cytokinin 
as well as amino acid-sugar conjugates (opines). The 
resulting increase in auxin and cytokinin levels in the plant 
tissue induces cell proliferation resulting in tumor forma- 
tion. The opines, which are produced only by transformed 
cells, are utilized by A. tumefaciens as a carbon and nitro- 
gen source. The type of opine(s) produced is used to clas- 
sify the infectious A. tumefaciens strains as octopine, 
nopaline or agropine-type strains (reviewed in [1-4]). 

The removal of the T-DNA region of wild type Ti- 
plasmids yields bacterial strains that are no longer capable 
of stimulating tumor formation or opine production in 
plant cells. In place of the wild type, tumor inducing, 
T-DNA, modified T-DNAs located on binary T-DNA vec- 
tors have been designed and utilized to efficiently mediate 
the transfer of genes to plant cells (reviewed in [1,5]). 
The ability to transfer genes of interest to plant ge- 
nomes without inducing tumors made such 'disarmed' 
A. tumefaciens strains invaluable to plant gene tech- 
nology (reviewed in [2,4,6]). 

Today A. tumefaciens is routinely used to generate 
transgenic plant lines for biotechnology or research pur- 
poses. However, the process of establishing transgenic 
lines is time consuming, and for several applications, not 
mandatory. The use of A. tumefaciens in transient assays 
provides a time saving alternative to the generation of 
stable transgenic plants. In most of these assays, 'disarmed' 
A. tumefaciens suspensions containing the construct of 
interest are infiltrated into leaf tissue. Cells exposed to the 
bacteria are subsequently transformed with the sequence 
of interest and can be assayed for expression a few days 
after infiltration. This method of plant cell transformation 
is often preferable to particle bombardment as it intro- 
duces fewer copies of the sequence, with a lower fre- 
quency of rearrangement (reviewed in [7]). Based on their 
high transformation efficiency, leaves of Nicotiana taba- 
cum and Nicotiana benthamiana are commonly used for 
A. tumefaciens mediated transient expression. 

Although infiltration of N tabacum and N bentha- 
miana with 'disarmed' A. tumefaciens causes seemingly 
minor macroscopic effects [8], there is a growing body of 
evidence suggesting that even 'disarmed' strains are recog- 
nized by these Nicotiana species as a pathogen, and that 
pathogen related responses can interfere with transient 



gene expression assays [8,9]. Although the mechanism of 
these interactions is not well understood, it clearly indi- 
cates that the use of A. tumefaciens in a transient system 
has limitations. The use of such assays is based on the as- 
sumption that plant cells expressing the gene(s) of interest 
are maintaining authentic sub-cellular behaviour. How- 
ever, aside from the mentioned effect of A. tumefaciens on 
pathogen related responses, the impact of the bacteria on 
other aspects of cell biology, such as protein localisation, 
organelle movement and organelle morphology, has not 
been studied or reported in detail. During standard tran- 
sient assays using the 'disarmed' laboratory strain GV3101 
(pMP90) it became evident to us that A. tumefaciens can 
indeed have a pronounced effect on organelle morphology 
in N benthamiana. Specifically, we observed that infiltra- 
tion with this bacterial strain lead to the increased forma- 
tion of stroma-filled-tubules (stromules) emanating from 
the surface of plastids and seemed to alter plastid position 
relative to the nucleus [10]. 

Stromules are approximately 0.1 to 0.8 \im in diameter 
(reviewed in [11]) and can range from only a few [im to 
45 \im in length [12]. They are a common morphological 
feature of all plastid types, and have been observed in both 
vascular and non-vascular plants (monocotyledons, dico- 
tyledons, moss and green algae) (reviewed in [13]), sug- 
gesting that these structures have been conserved during 
Viridiplantae evolution. It is known that stromules form 
at certain developmental stages, and the frequency of 
these protrusions is elevated when plants are exposed to a 
variety of stresses (biotic as well as abiotic) (reviewed in 
[14]). Although this suggests that stromules support plant 
cells in coping with unfavorable conditions, the specific 
subcellular function remains speculative. 

Based on the sensitivity of stromule formation to stress, 
we interpreted our initial observation that GV3101(pMP90) 
induces stromules as a first indication of potential sub- 
cellular changes induced by short-term infestation of 
A. tumefaciens during transient assays. Our goal was to 
identify the specific elicitor responsible for the observed 
changes, thus better understanding how the 'disarmed' 
strain alters the sub-cellular environment of N benthami- 
ana, and simultaneously gain insight into the phenome- 
non of stromule formation. 

Our results have confirmed that GV3101(pMP90) re- 
liably induces stromules, and additionally, we have ob- 
served changes in plastid positioning relative to the 
nucleus following bacterial infiltration. These changes 
induced by GV3101(pMP90) are strain specific, and 
were found to be dependant on the presence of a Ti- 
plasmid specific trans-zeatin synthase gene (tzs). Fur- 
ther, we demonstrate that the production of cytokinins 
by the bacteria during transient assays is sufficient to 
alter cell physiological status, increasing both soluble 
sugar level and starch accumulation and that this can 
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partially be avoided by utilizing alternative 'disarmed' 
strains. 

Results 

To study the effect of A. tumefaciens infiltration on 
plastid behavior and morphology we utilized transgenic 
N. benthamiana lines constitutively expressing the chi- 
meric protein FNR-EGFP, which highlights the plastid 
stroma and stromules [15,16]. Using these stable trans- 
genic lines the effect of A. tumefaciens infiltration can 
be easily estimated by comparison of infiltrated and non- 
infiltrated tissue using fluorescence microscopy. To sim- 
plify the description of the results we have assigned 
acronyms to all bacterial strains utilized and listed them in 
Table 1, along with their antibiotic resistance. 

Infiltration with GVR induces stromule formation as well 
as plastid repositioning 

A 'disarmed' A. tumefaciens strain, GV3101(pMP90) (ab- 
breviated - GV) [17] was employed in this study due to 
its wide-spread use for transient gene expression in N. 
benthamiana. In order to monitor transformation activity 
of A. tumefaciens, GV was transformed with the binary 
vector P CP60-35S-DsRed2 to yield GV3101(pMP90)/ 
pCP60-35S-DsRed2 (abbreviated - GVR). This vector fa- 
cilitates the expression of untagged DsRed2 [10]. Three 
days after infiltration, DsRed2 was detectable in infiltrated 
areas as bright fluorescence signals in the cytoplasm and 
nucleoplasm, indicating successful transfer and expression 
of the reporter gene from A. tumefaciens to the plant 
(Additional file 1: Figure SIC). In contrast, cells of non-in- 
filtrated areas did not show any fluorescence signal using 
the same or even more sensitive microscope settings 
(Additional file 1: Figure SD and S1F respectively). 

In the leaves of FNR-EGFP transgenic plants the plastids 
are clearly highlighted by the EGFP fluorescence. Follo- 
wing infiltration with GVR there were drastic alterations 
to plastid morphology and plastid position when com- 
pared to untreated tissue. The most obvious difference 



following GVR treatment was the large number of stro- 
mules compared to the control (Figure 1A and IB). The 
average stromule frequency (SF) in GVR-infiltrated leaf 
areas was approximately 53%, which was significantly 
higher than the 3% observed in non-infiltrated tissues 
(Figure 1C). 

Stromule morphology also appeared altered in cells in- 
filtrated with GVR. In non-infiltrated tissues there was an 
abundance of short stromules, mostly in the range from 3 
to 5 um, only in rare cases exceeding 10 urn. In contrast 
to this, in cells which were exposed to GVR, 50% of stro- 
mules demonstrated lengths of 5 um or higher, with a 
maximum length of approximately 27 um (Figure ID). In 
addition to exhibiting substantially longer stromules, there 
was also frequent observation of crooked and branched 
stromules (Figure IB). These branches originate from 
triangular dilations along the main stromule tubule' and 
were described in earlier publications [16,18]. 

It was also observed that, in many GVR-infiltrated cells, 
a subpopulation of plastids clustered around the nucleus 
(Figure IB) in contrast to the untreated tissue, in which 
plastids are largely observed as part of evenly distributed 
pairs (Figure 1A). For quantification of this parameter we 
counted the number of plastids associated with individual 
nuclei, which we have named 'Plastid-Nuclear Association 
Index' (PNAI). Nuclei were labeled via DsRed2 accumula- 
tion in the nucleoplasm of GVR-infiltrated tissue, whereas 
in untreated tissue nuclei were detected after incubating 
the leaf disks in DAPI for 10 minutes. The box plot in 
Figure IE clearly shows that after GVR treatment, the 
number of plastids in close proximity to the nucleus in- 
creases significantly, changing from a PNAI median of 2 
(minimum of 1; maximum of 6) in untreated areas, to 
a PNAI median of 5 in infiltrated tissues (minimum 1; 
maximum of 18). 

Our initial experiments confirmed the previous observa- 
tion that the chosen strain, GVR, induces drastic changes 
in stromule frequency. In control experiments performed 
previously [10], the infiltration itself, and the agrobacterium 



Table 1 Antibiotic resistance of Agrobacterium tumefaciens strains 



A.tumefaciens strain 



Full strain name 


Acronym 


Genome 


Ti Plasmid 


T-DNA vector 


GV3101(pMP90) 


GV 


Rif 


Gent 




GV3101(pMP90)/pCP60-35S-DsRed2 


GVR 


Rif 


Gent 


Kan 


LBA4404 


LBA 


Rif 


Strep 




LBA4404/pCP60-35S-DsRed2 


LBR 


Rif 


Strep 


Kan 


GV3101/pCP60-35S-DsRed2 (cured) 


GVC 


Rif 




Kan 


LBA/pLSU-ptzs-tzs 


LtZ 


Rif 


Strep 


Kan 



Disarmed A. tumefaciens strains (column 1), acronyms used (column 2) and location of the genes conferring resistance to the various antibiotics, this includes 
the resistance located in the bacterial genome (column 3), the Ti plasmid (column 4) and the T-DNA vector (column 5). Antibiotics are abbreviated as follows: 
Rif = rifampicin, Gent = gentamicin, Strep = Streptomycin, Kan = kanamycin, and the absence of the T-DNA vector or Ti plasmid is indicated by a dash (-). 
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Figure 1 (See legend on next page.) 
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(See figure on previous page.) 

Figure 1 Impact of infiltration with A.tumefaciens strains GVR and GV on stromule induction and plastid position. Stacked' fluorescence 
images of N. benthomiono lower epidermis with FNR-EGFP labeled plastids (single cells outlined in red). Nuclei of non-infiltrated cells were labeled via 
DAPI staining, while the nuclei of GVR-infiltrated cells were labeled via nucleoplasms DsRed2. Epidermal plastids are dark grey, nuclei labeled 'n', 
location of stomata labeled 'S' (plastids surrounding are within guard cells). Plastids in close proximity to the nucleus are indicated by asterisks '*'. 
Images were converted to gray scale and inverted for easier viewing of stromules. Images were taken 3 days post-infiltration. Scale bars=20 urn (A, B). 
A Non-infiltrated tissue. B GVR-infiltrated tissue. Examples of stromules indicated with white arrows. C Bar graph illustrating average stromule frequency 
(SF) in non-infiltrated (Nl) and GVR-infiltrated (GVR) tissues. Rank sum (NI-GVR): U=0, p<0.001. Sample sizes: n(NI,GVR)=9. D Box plot illustrating the 
distribution and median stromule lengths in non-infiltrated (Nl) and GVR-infiltrated (GVR) tissues. Rank sum (NI-GVR): U=3002, p=0.022. Sample sizes: 
n(NI)=30, n(GVR)=269. E Box plot illustrating median plastid nuclear association index (PNAI) in non-infiltrated (Nl) and GVR-infiltrated (GVR) tissues. 
Rank sum (NI-GVR): U=593, p<0.001. Sample sizes: n(NI)=100, n(GVR)=73. F Bar graph illustrating average stromule frequency (SF) in non-infiltrated (Nl), 
GVR-infiltrated (GVR) and GV-infiltrated (GV) tissues. Rank sum (NI-GVR): U=1, p<0.001; (NI-GV): U=4, p=0.001; (GV-GVR): U=34, p=0.596. Sample sizes: 
n(NI,GV,GVR)=9. G Box plot of median stromule lengths in non-infiltrated (Nl), GVR-infiltrated (GVR) and GV-infiltrated (GV) tissues. Rank sum (NI-GVR): 
U=56132, p<0.001); (NI-GV): U=28578.5, p<0.001 ; (GV-GVR): 11=689715, p=0.652). Sample sizes: n(NI)=325, n(GVR)=535, and n(GV)=263. H Box plot 
illustrating the median plastid nuclear association index (PNAI) in non-infiltrated (Nl), GVR-infiltrated (GVR) and GV-infiltrated (GV) tissues. Rank sum 
(NI-GVR): U=7356.5, p<0.001; (NI-GV): U=6266, p<0.001; (GV-GVR): U=12097.5, p=0.082. Sample sizes: n(NI)=259, n(GVR)=157, and n(GV)=173. C, F Raw 
data was arcsine transformed and bars represent back-transformed means. Error bars represent back-transformed 95% confidence intervals. D, E, G, H 
Boxes contain 50% of data, the median is represented by black line, and error bars represent 90% confidence intervals. 



infiltration medium (AIM) used for solubilizing the bac- 
teria, were ruled out as the stromule inducing stimuli, pro- 
viding evidence that the inducing factor most likely 
originates from the bacteria. The goal of the second set of 
experiments was to identify the bacterial factor respon- 
sible for these stromule inducing' changes to the sub- 
cellular environment. 

The expression of the reporter protein has no influence 
on the observed changes that follow GVR infiltration 

The over-expression of proteins in stable as well as tran- 
sient systems has the potential to interfere with normal 
cell metabolism as well as organelle behaviour [19-21]. In 
order to test if overexpression of the reporter protein 
was responsible for the observed effects, infiltration exper- 
iments were repeated utilizing GV lacking the pCP60- 
DsRed2 T-DNA vector. As a positive control we also 
infiltrated with GVR into the same leaves. GV and GVR- 
infiltrated tissues showed comparable levels of stromule 
induction, with both treatments yielding significantly 
higher SF values compared to the non-treated areas 
(Figure IF). There was also no significant difference in 
stromule length (Figure 1G), or PNAI values (Figure 1H). 
Like GVR-infiltrated tissues, GV infiltration resulted in a 
higher tendency of plastids to associate with the nucleus 
(PNAI median of 4, minimum 1; maximum 9) when com- 
pared to untreated cells (Figure 1H). These results demon- 
strate that the transient expression of DsRed2 is not the 
cause for the GVR induced changes, but confirms that the 
source of stromule induction is intrinsic to the bacteria 
itself. GV is a disarmed derivative of the nopaline wild- 
type strain C58, which is the parental isolate for many dis- 
armed laboratory strains (reviewed in [5]). We repeated 
the experiments using a different A. tumefaciens lab strain, 
originating from a different wild type isolate. 



Infiltration of LBA and LBR does not induce plastid 
morphology and position changes to the same extent as 
GV and GVR 

In order to evaluate whether the capacity for stromule in- 
duction was specific to C58 derived strains, or was more 
likely to be a general characteristic of A. tumefaciens, we 
transformed LBA4404 with pCP60-35S-DsRed2 (abbre- 
viated - LBR) and repeated the experiments as outlined 
for GVR. LBA4404 (abbreviated - LBA) is one of the few 
'disarmed' lab strains derived from the octopine wild type 
Ach5, a different wild type isolate than C58 (reviewed in 
[5]). Furthermore, to exclude an influence on the phe- 
notype by over-expression of the reporter protein we also 
infiltrated with untransformed LBA. Again GVR was infil- 
trated into the same leaves to act as positive control for 
stromule induction. 

In comparison to GV and GVR, LBA and LBR-infil- 
trated tissue had significantly fewer stromules, and cells 
looked much like non-infiltrated cells (Figure 2A, 2B and 
2E). However, stromules observed after LBA and LBR 
treatments were slightly, but significantly longer (medians 
of 2.11 and 2.58 (im, respectively) than in non-infiltrated 
tissues (median of 1.86 (im), though still shorter than after 
GVR treatment (median of 3.68 \im) (Figure 2F). PNAI 
results were very similar (Figure 2G). Clustering of plas- 
tids around the nucleus was observed more frequently in 
both LBA treatments when compared to untreated tissue 
(Figure 2C and 2D). Notably the PNAI of LBR-infiltrated 
tissue was not significantly different from that in the GVR 
treatment (Figure 2G). 

SF measurements clearly show that strong induction of 
stromules is specifically induced by GV and GVR but not 
by LBA and LBR strains. However, LBA and LBR infiltra- 
tions still have an effect on the respective tissue, which is 
reflected in stromule length and the PNAI. Based on the 
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Figure 2 Infiltration with LBA and LBR induces mild alterations to plastid morphology and position relative to GVR infiltrated cells. 

'Stacked' fluorescence images of Nicotiana benthemiana lower epidermis with FNR-EGFP labeled plastids. In non-infiltrated and LBA-infiltrated treatments 
nuclei were stained via DAPI, while nuclei of LBR and GVR treatments were labeled via nucleoplasms DsRed2. Epidermal plastids are dark grey, nuclei 
labeled 'n'. Images were converted to gray scale and inverted for easier viewing of stromules. Images were taken 3 days post-infiltration. Scale=20 urn 
(A, B), or 10 Mm (C, D). A Infiltrated with LBA. Cell boundary marked in red. B Infiltrated with LBR. Cell boundary marked by cytosolic DsRed2. C, D 
Enlargements of nuclei in A and B respectively, showing plastids in close proximity to the nucleus (indicated by asterisks '*'). E Bar graph of mean 
stromule frequency (SF) in non-infiltrated (Nl), LBA-infiltrated (LBA), LBR-infiltrated (LBR), and GVR-infiltrated (GVR) tissues. Rank sum (NI-LBA): U=48, 
p=0.131; (NI-LBR): U=73, p=0.872; (LBA-LBR): U=28, p=0.289); (GVR-NI, LBA and LBR): U=0, p<0.001. Sample sizes: n(NI)=17, n(LBA)=9, n(LBR)=9, and 
n(GVR)=18. Raw data were arcsine transformed and bars represent back-transformed means. Error bars represent back-transformed 95% confidence 
intervals. F Box plot illustrating median stromule lengths in non-infiltrated (Nl), LBA-infiltrated (LBA), LBR-infiltrated (LBR), and GVR-infiltrated (GVR) tissues. 
Rank sum (NI-LBA): U=34726, p=0.005; (NI-LBR): U=25226.5, p<0.001; (LBA-LBR): U=1 1983.5, p=0.053; (NI-GVR): U=95386.5, p<0.001; (LBA-GVR): U=46698, 
p<0.001; (LBR-GVR): U=45923, p<0.001 . Sample sizes: n(NI)=448, n(LBA)=181, n(LBR)=151, and n(GVR)=805. G Box plot illustrating median plastid nuclear 
association index (PNAI) in non-infiltrated (Nl), LBA-infiltrated (LBA), LBR-infiltrated (LBR), and GVR-infiltrated (GVR) treatments. Rank sum (NI-LBA): 
U=8772, p<0.001; (LBA-LBR): U=3380.5, p<0.001; (LBR-NI): U=2384, p<0.001; (GVR-NI): U=7738, p<0.001; (GVR-LBA): U=10906, p<0.001); (LBR-GVR): 
U=9450.5, p=0.359. Sample sizes: n(NI)=182, n(LBA)=147, n(LBR)=83, and n(GVR)=244. F, G Boxes contain 50% of data, the median is represented by 
black line. Error bars represent 90% confidence intervals. H Two senescing leaves (divided by a red dotted line) showing the maintenance of 'green 
islands' in GVR-infiltrated regions, and premature senescence of LBR-infiltrated regions. Infiltration zones outlined with black dotted lines. I Mean 
absolute glucose content of non-infiltrated (Nl), AIM-infiltrated (Al), LBR-infiltrated (LBR) and GVR-infiltrated (GVR) tissues. Rank sum (NI-AI): U=14, 
p=0.209; (AI-LBR): U=0, p<0.001, t-test (AIM-GVR): t=1 3.577, p<0.001; (LBR-GVR): t=2.323, p=0.039. Sample sizes: n(NI, Al, LBR, GVR)=7. Error bars represent 
standard deviations. J Mean absolute sucrose content of non-infiltrated (Nl), AIM-infiltrated (Al), LBR-infiltrated (LBR) and GVR-infiltrated (GVR) tissues. 
Rank sum (NI-AI): U=24, p=1, t-test (AIM-LBR): t=5.082, p<0.001, Rank sum (AIM-GVR): U=0, p<0.001), t-test (LBR-GVR): t=4.098, p=0.001). Sample sizes: 
n(NI, Al, LBR, GVR)=7. Error bars represent standard deviations. K Starch staining of a leaf infiltrated with GVR and LBR 3 days post-infiltration. Infiltration 
zones outlined with black dotted lines. 
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chosen parameters, this indicated that the presence of 
LBA and LBR also changes cell physiology, but to a lesser 
extent than GV and GVR. The stronger effects of GV and 
GVR infiltration on stromule induction and plastid reposi- 
tioning compared to those obtained with LBA and LBR 
infiltration suggest that they are due to differences in 
either the bacterial chromosome or the disarmed Ti- 
plasmid present in these strains. 

GVR-infi It rated tissues exhibit symptoms indicative of 
elevated cytokinin 

Another phenomenon observed after infiltration concerns 
the senescence of infiltrated leaf tissue, which is detected 
as yellowing of leaf tissue approximately 6 weeks post- 
infiltration. GVR-infiltrated tissues were maintained as 
green islands (Figure 2H) in a manner reminiscent of 
cytokinin treatments described in the literature (reviewed 
in [22]). Infiltration with AIM buffer or LBR did not show 
the same effect. While GVR treatment delayed tissue se- 
nescence, infiltration with LBR actually induced a prema- 
ture yellowing and, in some cases, even necrosis starting 
from the point of infiltration (Figure 2H). AIM infiltration 
caused neither the formation of green islands, nor prema- 
ture senescence (data not shown). The ability of GVR to 
induce the formation of green islands suggests the pos- 
sible accumulation of cytokinins in tissue infiltrated with 
this particular bacterial strain. 

An alternative phenomenon after treatment of tobacco 
cell cultures with cytokinins is the pronounced and imme- 
diate accumulation of starch in plastids, as visualized by 
iodine staining [23,24]. The accumulation of starch was 
analyzed in GVR as well as LBR-infiltrated tissue by iodine 
staining three days post-infiltration. The result was that 
GVR-infiltrated areas showed a darker staining than the 
surrounding non-infiltrated tissue, indicating high levels 
of starch accumulation (Figure 2K). Microscopy of starch 
stained epidermal cells showed that this accumulation also 
took place in cells of the lower epidermis and is not 
restricted to mesophyll tissue (data not shown). Re- 
evaluation of fluorescence images taken for previous ex- 
periments revealed that starch accumulation was visible in 
GVR as well as in GV treatments as EGFP and chlorophyll 
fluorescence free areas in the plastid stroma (data not 
shown). LBA-infiltrated areas were, in most cases, indis- 
tinguishable from non-infiltrated leaf tissue. In rare cases 
infiltration with LBR showed a slightly darker staining 
than the surrounding tissue (Figure 2K). The pronounced 
accumulation of starch in GVR and GV compared to the 
low accumulation in LBA treatments, indicates that 
cytokinin accumulation is specifically induced following 
infiltration with GVR and GV, and that this effect is not 
common to all A. tumefaciens strains. 

Cytokinins are known to be involved in the regulation 
of source-sink relationships. In addition to altering starch 



accumulation this could also be reflected by a change in 
soluble sugar levels [25,26] . In order to test if soluble sugar 
levels are influenced by A. tumefaciens treatment, glucose 
and sucrose concentration of GVR, LBR, AIM and non- 
infiltrated tissues was measured (Figure 21 and 2J). Infil- 
tration with AIM does not induce any significant changes 
in the sugar concentrations when compared to non-infil- 
trated tissues (~3 umol g" 1 FW glucose and ~ 10 umol g _1 
FW sucrose after AIM treatment, compared to non- 
infiltrated tissues which had ~ 2 umol g" 1 FW glucose 
and -10 umol g _1 FW sucrose). In contrast to AIM infil- 
tration, both LBR and GVR induced clear and significant 
increases in glucose as well as sucrose concentration. LBR 
infiltration induced a 5 -fold increase in glucose concentra- 
tion (5.8 umol g" 1 FW glucose), and a 4-fold increase in 
sucrose (37.7 umol g" 1 FW sucrose). GVR infiltration in- 
duced a greater increase in soluble sugars, with a 5. 5 -fold 
increase in glucose concentration (8.3 umol g _1 FW 
glucose) and a 7-fold increase in sucrose concentration 
(94.46 umol g" 1 FW sucrose). As already seen for the 
other parameters the induced glucose and sucrose accu- 
mulation is more severe for GVR than as it is for LBR. 
Comparing both A. tumefaciens strains it becomes in- 
creasingly evident that GV and GVR strains induce more 
severe physiological changes than LBA and LBR. 

Cured GVR fails to induce stromule formation, plastid 
relocation and cytokinin related effects 

In order to evaluate the possible differences between the 
GV and LBA strains that could be responsible for the ob- 
served physiological effects we reviewed their parentage. 
The Ti-plasmid of the G V strain, pMP90, is a derivative of 
the pTi-C58 of the C58 isolate [5]. This plasmid carries a 
gene involved in £ra#s-zeatin synthesis close to the vir- 
gene region but outside of the deleted T-DNA region, the 
tzs gene [27]. This suggests that it may be the source of 
£ra#s-zeatin accumulating in infiltrated regions. In order 
to eliminate the source of bacterial derived £ra«s-zeatin, 
we depleted GVR of its Ti-plasmid (pMP90), and infil- 
trated the resulting GV3101 cured' strains (abbreviated 
GVC, and labeled with a colony number) into leaf tissue. 
We then evaluated the ability of these strains to induce 
the effects observed in GVR. Indeed, the starch staining as 
well as the green island tests (Figure 3E and 3F) revealed 
that GVC strains lost the ability to induce pronounced 
starch accumulation, and no 'green islands' were observed 
during senscence. This suggests a decreased capacity to 
produce and maintain high cytokinin levels in the treated 
areas as observed with GVR. 

Three separately cured GVC lines were analyzed. 
Microscopic inspection of GVC treated tissue revealed 
that in all cases stromule frequency was significantly 
lower than in the positive control infiltrations with GVR 
(Figure 3A). Infiltrations with the GVR positive control 
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Figure 3 Curing GVR of the Ti plasmid (pMP90) reduces the severity of effects seen following GVR infiltration. A Stacked' fluorescence 
image of the lower epidermis of FNR-GFP transgenic N. benthomiano three days after infiltration with a GVC strain (lacking the Ti plasmid). Cells are 
outlined in red. Nuclei were labeled via DAPI (labeled 'n'). Image was converted to gray scale and inverted to better visualize plastids. Scale=20 urn. 
B, C, D Stromule frequency (SF), stromule length, and PNAI data were collected for three different cured strains, each infiltrated into three different N. 
benthomiano plants. B Bar graph representing average stromule frequency (SF) in non-infiltrated (Nl) tissue, and following infiltration with GVC (GVC4, 
5, 7) and GVR (GVR). Rank sum (GVR-NI, GVC5, GVC 7): U=0, p<0.001; (GVR-GVC4): U=1, p<0.001; (NI-GVC4): U=5, p=0.002; (NI-GVC5): U=6, p=0.002; 
(NI-GVC7): U=32, p=0.480). Sample sizes: n(NI, GVR paired with GVC4 and GVC5, GVC4, GVC7)=9, n(GVC5)=10, n(GVR paired with GVC7)=8. Raw data 
were arcsine transformed and bars represent back-transformed means. Error bars represent back-transformed 95% confidence intervals. C Box plot 
representing median stromule lengths in non-infiltrated (Nl), GVC-infiltrated (GVC4, 5, and 7) and GVR-infiltrated (GVR) tissues. Rank sum (NI-GVC4): 
U=9837.5, p=0.051; (NI-GVC7): U=8385, p=0.178; (GVC5-NI): U=9685, p<0.001; (GVC4-GVR): U=27315.5, p=0.002; (GVC5-GVR): U=19829, p<0.001; 
(GVC7-GVR): U=17773.5, p=0.007; (GVR-NI paired with GVC4): U=9366.5, p<0.001; (GVR-NI paired with GVC5): U=5904, p<0.001; (GVR-NI paired with 
GVC 7): U=9512, p<0.001 . Sample sizes (consecutively): n(NI)=95, n(GVC4)=240, n(GVR)=270, n(NI)=104, n(GVC5)=245, n(GVR)=270, n(NI)=106, n(GVC7) 
=175 and n(GVR)=240. D Box plot representing median plastid nuclear association index (PNAI) in non-infiltrated (Nl), GVC-infiltrated (GVC4, 5, and 7), 
and GVR-infiltrated (GVR) tissues. Rank sum (NI-GVC4): U=2260, p=0.357; (NI-GVC7): U=1 931.5, p=0.105; (GVC5-NI): U=3344, p=0.031; (GVC4-GVR): 
U=1446, p<0.001; (GVC5-GVR): U=1421, p<0.001; (GVC7-GVR): 11=1010.5, p<0.001; (GVR-NI paired with GVC4): U=1370, p<0.001; (GVR-NI paired with 
GVC5): U=1 272.5, p<0.001; (GVR-NI paired with GVC7): U=608.5, p<0.001). Sample sizes (consecutively): n(NI)=74, n(GVC4)=67, n(GVR)=75, n(NI)=94, 
n(GVC5)=87, n(GVR)=80, n(NI)=62, n(GVC7)=74, and n(GVR)=56. C, D CD Boxes contain 50% of data, the median is represented by black line. Error bars 
represent 90% confidence intervals. E Iodine stained leaf three days after infiltration with GVR, GVC4 (labeled GVC), LBA, and the buffer only control 
(labeled AIM). Infiltrated areas marked by a black dotted outline. F Infiltrated leaf at the beginning of senescence. Regions infiltrated with GVR remain 
green as leaf begins to senescence, forming 'green islands', while GVC-infiltrated tissue shows accelerated senescence. 
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resulted in a stromule frequency of about 35-40%, which 
is significantly higher than the 7-14% stromules induc- 
tion following infiltration with GVC strains and the 5% 
observed in untreated tissue (Figure 3B). All the cured 
strains induced less than 15% stromules, i.e. a relatively 
minor increase in stromule frequency relative to non- 
treated (Figure 3B), which is in the same range as SF 
values in LB A and LBR treatments (Figure 2E). Stromule 
length and PNAI results revealed a similar relationship 
between treatments, in which GVR showed a clear in- 
duction of changes, and the three GVC strains were 
comparable to the non-infiltrated condition (Figure 3C 
and 3D). 

Using starch accumulation and the presence of 'green 
islands' as indicators of cytokinin activity it can be con- 
cluded that the loss of the pMP90 and the tzs gene in 
GVC strains leads to a drastic reduction in cytokinin 
levels. This reduction was accompanied by a drastically 
reduced impact of GVC on the quantified plastid parame- 
ters to a level comparable to LBR treatments. This indi- 
cated that the GVR induced effects were indeed caused by 
a gene product encoded on the pMP90 Ti-plasmid. Ad- 
ditionally, it suggests that the contribution of the GVR 
genome to the observed reactions can be neglected. 

Addition of tzs to LBA facilitates changes to plastid 
morphology and increases starch accumulation 

To specifically test for the involvement of the tzs gene 
(a gene encoded in the pMP90 plasmid) in upregulating 
cytokinin indicators and plastid-based parameters, we 
tested if the addition of this gene into LBA would result in 
a gain of function, GVR/GV-like, phenotype. The tzs gene 
was cloned (coding region plus approximately 2 kb up- 
stream and downstream) from GV and inserted into the 
small binary vector pLSU [28], simultaneously removing 
both T-DNA borders and the sequence between to avoid 
the transfer of the tzs from GV to the plant upon infiltra- 
tion. The vector was then transformed into LBA and four 
of the subsequent transformants (abbreviated LtZl-4) 
were infiltrated into FNR-GFP plants. All four strains in- 
duced a drastic increase in stromule frequency relative to 
NI and LBR strains, with stromule frequencies between 
39% and 51% (Figure 4A). Three out of four strains 
showed no significant difference in SF when compared to 
GVR control infiltrations (LtZl, 2 and 4). Median stro- 
mule lengths of tissues infiltrated with LtZl-4 were signifi- 
cantly higher than NI and LBR controls, but significantly 
lower than GVR (Figure 4B). Although plastid clustering 
around the nucleus was apparent, and often extreme (see 
Figure 4C), we were not able to reliably locate the nucleus 
using DAPI staining or DIC, and so we could not quantify 
PNAI. Intensity of starch staining of the LtZ-infiltrated re- 
gions was comparable to GVR and remained within the 
infiltrated area as in GVR treatments (Figure 4D). 



Measuring cytokinin accumulation in infiltrated tissues 

Up to this point the increase of cytokinin in the plant tis- 
sue following infiltration has been indicated by starch 
staining, and by the maintenance of green islands. To 
quantify the strain dependant differences in cytokinin pro- 
duction within leaf tissue, liquid chromatography mass 
spectrometry (LC-MS/MS) was used to directly measure 
£ra#s-zeatin, as well as £ra«s-zeatin-9-riboside (Figure 4E 
and 4F). The same trend was observed for both hormones 
measured. Cytokinin levels of tissue infiltrated with AIM 
(infiltration buffer), GVC7, and LBR were below 0.2 ng/g 
(£ra#s-zeatin) and 0.1 ng/g (£raws-zeatin-9-riboside), while 
infiltration with both GVR and LtZ showed at least a 
three-fold increase in cytokinin accumulation (Figure 4E 
and 4F). Interestingly, LtZ-infiltrated tissues exhibited 
£ra#s-zeatin levels that were about 3 times higher and 
£ra#s-zeatin-9-riboside levels that were about 9 times 
higher than GVR-infiltrated tissues. 

Tissue infiltrated with cytokinins mimic tissue infiltrated 
by GV, GVR and LtZ 

As final proof that cytokinin accumulation and stromule 
induction are causally linked, even in the absence of all 
bacterial factors, we infiltrated plants with the hormone to 
test if we could mimic the effects observed with GVR 
treatment. For this purpose we infiltrated the tissue with 
100 ug mL 1 of £ra«s-zeatin, administered three times over 
three consecutive days. 100 ug ml" 1 kinetin was also 
tested to determine if stromule induction as well as plastid 
repositioning is specific to £ra«s-zeatin or if this is due to 
general changes induced by cytokinins. In addition a con- 
trol solution was also infiltrated to ensure the stress of 
multiple infiltrations did not induce stromules. After a 
3-fold infiltration with each cytokinin and a recovery 
period of two days we observed, in both instances, an in- 
creased stromule frequency (Figure 5A). Average stromule 
frequency was approximately 23.4% for £ra«s-zeatin and 
38.6% for kinetin, which were significantly higher than in 
the NaOH control-infiltrated tissues, but significantly 
lower than the GVR positive controls, which were found 
to be close to 60%. Stromule length was also altered by 
the hormone treatment in a similar way as observed after 
bacteria treatments, showing a small, but significant in- 
crease in stromule length relative to control treatments 
(Figure 5B). As in tissue infiltrated with GV, GVR and LtZ 
strains, clustering of plastids around the nucleus was 
visible in trans-zeatin and kinetin treatments (Figure 5E 
and 5F), but again the efficiency of the DAPI staining was 
very low so PNAI could not be quantified. Starch also 
accumulated in a manner reminiscent of GV infiltrations, 
although staining was not as dark as after the bacterial 
treatments (Figure 5C and 5D). Although we infiltrated 
in a restricted region of the leaf (outlined in Figure 5C 
and 5D with dotted lines) dark starch staining was 



Erickson et al. BMC Plant Biology 2014, 14:127 
http://www.biomedcentral.com/1471-2229/14/127 



Page 10 of 20 




Figure 4 LBA transformed with 4.3 kb tzs gene from pMP90 induces a GVR-like phenotype. Four different LBA/pLSU-ptzs-fzs transformants 
(LtZI -4) were infiltrated into the lower epidermis of three different N. benthomiono plants. A Bar graph of average stromule frequency (SF) in non-infiltrated 
(Nl) LBR-infiltrated (LBR), LtZ-infiltrated (LtZ1-4) and GVR-infiltrated (GVR) tissue. Rank sum (NI-LtZI, 2, 3, 4):U=0, p<0.001; (LtZI -LBR, LtZ2-LBR): U=7, p<0.001; 
(LtZ3-LBR): U=8, p<0.001; (LtZ4-LBR): U=4, p<0.001); (LtZI -GVR): U=39, p=0.061; (LtZ2-GVR): U=40, p=0.069; (LtZ4-GVR): U=62, p=0.829; (LtZ3-GVR): U=32, 
p=0.039. Sample sizes: n(GV, Nl, LtZI, LtZ2)=12, n(LtZ3, LtZ4)=1 1. Raw data were arcsine transformed and bars represent back-transformed means. Error bars 
represent back-transformed 95% confidence intervals. B Box plot representing median stromule lengths in non-infiltrated (Nl) tissue, LBR-infiltrated (LBR), 
LtZ-infiltrated (LtZ1-4) and GVR-infiltrated (GVR) tissues. Rank sum (LtZI -GVR): U=54007, p<0.001; (LtZ2-GVR): U=51988, p<0.001; (LtZ3-GVR): U=53068.5, 
p=0.015; (LtZ4-GVR): U=50161, p<0.001; (LtZI -LBR): U=38767, p<0.001; (LtZ2-LBR): U=39391.5, p<0.001; (LtZ3-LBR): U=33777, p<0.001; (LtZ4-LBR): U=35246.5, 
p<0.001; (LtZI-NI): U=21007, p<0.001; (LtZ2-NI): U=21005, p<0.001; (LtZ3-NI): U=18181.5, p<0.001; (LtZ4-NI): U=19019.5, p<0.001. Sample sizes: n(NI)=235, n 
(LBR)=308, n(LtZ1)=360, n(LtZ2)=360, n(LtZ3)=330, n(LtZ4)=330, n(GVR)=360. Boxes contain 50% of data, the median is represented by black line. Error bars 
represent 90% confidence intervals. C 'Stacked' fluorescence image of extreme clustering of plastids around the nucleus three days post-infiltration with 
LtZ4. The cell is outlined in red and the nucleus is indicated by 'n'. Image was converted to gray scale and inverted to better visualize plastids. Scale=20um. 
D Iodine stained leaf three days after infiltration with GVR, LtZ strains 1-4, LBR and non-infiltrated control (Nl). Infiltrated areas marked by a black dotted 
outline. E LC/MS/MS measurements of absolute trans-zeatin in fresh N. benthomiono leaf tissue 3 days post-infiltration with AIM buffer (Al), GVC7 (GVC7), 
LBR (LBR), GVR (GVR), and LtZ4 (LtZ4). Rank sum (GVR-NI, GVR-AI, GVR-GVC7, GVR-LBR, LtZ4-NI, LtZ4-AI, LtZ4-GVC7): U=0, p=0.029; (LtZ4-GVR): U=0, p=0.029. 
Sample size: n=4 for each. F LC/MS/MS measurements of absolute trans-zeatin-9-riboside in fresh N. benthomiono leaf tissue 3 days post-infiltration with 
AIM buffer (Al), GVC7 (GVC7), LBR (LBR), GVR (GVR), and LtZ4 (LtZ4). Rank sum (for all pair wise comparisons): U=0, p=0.029). Sample size: n=4 for each. 



not limited to the infiltrated region, but spread to ad- samples (Figure 5C) providing an explanation for the 
jacent tissue, implying the spread of the hormone. In higher than average values of stromule frequency in 
some cases this affected the non-infiltrated control the control treatments. 
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Figure 5 Treatment with frans-zeatin, kinetin or BAP mimics the effects of GVR infiltration. A Bar graph illustrating stromule frequency (SF) 
in non-infiltrated (Nl), NaOH control-infiltrated (C), trans-zeatin-infiltrated (tZ), and kinetin-infiltrated (K) tissues. Rank sum for trans-zeatin infiltrated leaf 
(Nl-C): U=13, p=0.017; (NI-GVR, C-GVR, tZ-GVR): U=0, p<0.001; (C-tZ): U=12, p=0.013; (tZ-NI): U = 20, p = 0.077. Rank sum for kinetin infiltrated leaf (Nl-K): 
U=13, p=0.017; (NI-GVR): U=13, p=0.001; (C-K, C-GVR): U=0, p<0.001; (K-GVR): U=1 1, p=0.01) , (Nl-C): U = 27, p = 0.251. Sample size (consecutively): n(NI, 
C, tZ, Nl, C, K, GVR)=9, n(GVR on trans-zeatin-infiltrated leaf)=8. B Box plot representing median stromule lengths in non-infiltrated (Nl), NaOH control- 
infiltrated (C), trans-zeatin-infiltrated (tZ) and kinetin-infiltrated (K) tissues. Rank sum for trans-zeatin-infiltrated leaf (Nl-tZ): U=24467, p<0.001; (NI-GVR): 
11=151015, p<0.001; (C-GVR): 11=99315, p<0.001; (C-tZ): 11=17141, p<0.001; (tZ-GVR): U=19279, p<0.001; (tZ-NI, tZ-C): U = 23933.5, p = 0.023. . Rank 
sum for kinetin-infiltrated leaf (Nl-K): U=18243, p<0.001; (Nl-C): U=24938, p<0.001; (NI-GVR): U=14310.5, p<0.001; (C-GVR): U=1 1592.5, p<0.001; (C-K): 
U=14851, p<0.001; (K-GVR); U=23276.5, p<0.001). Sample sizes (consecutively): n(NI)=256, n(C)=213, n(tZ)=249, n (GVR) =240 for the trans-zeatin-infiltrated 
leaf, and n(NI)=239, n(C)=253, n(K)=270, n(GVR)=270 for the kinetin-infiltrated leaf. Boxes contain 50% of data, the median is represented by black line. 
Error bars represent 90% confidence intervals. C Iodine stained leaf showing non-infiltrated (Nl) regions as well as regions infiltrated with trans-zeatin 
(tZ), the NaOH control (C), and GVR (GVR). Infiltrated regions outlined with black dotted line. D Iodine stained leaf showing non-infiltrated (Nl) regions as 
well as regions infiltrated with kinetin (K), the NaOH control (C), and GVR (GVR). Infiltrated regions outlined with black dotted line. E-G Plastids clustered 
around the nucleus in cells of the lower leaf epidermis following treatments with trans-zeatin (E), kinetin (F) and BAP (G), respectively. Images have been 
converted to gray scale and inverted for easier viewing of stromules. Bright field microscopy was used to locate nuclei and position was marked with 
red-dotted circles. Scale=20 urn. H Bar graph illustrating stromule frequency (SF) in NaOH control-infiltrated (C) and BAP-infiltrated (1, 10, 50, 100 ug ml" 1 ) 
tissues. Rank sum (C-1):U=32, p=0.48; (C-10): U=13, p=0.017; (C-50): U=0, p<0.001; (C-100): U=0, p<0.001. n (each treatment)=9. 1 Iodine stained leaf 
showing non-infiltrated (Nl) NaOH control-infiltrated (C), and 100 ug ml" 1 BAP-infiltrated (BAP) regions. Infiltrated regions outlined with black dotted 
line. Starch staining spread throughout the leaf, extending beyond the infiltrated area. A, H Raw data were arcsine transformed and bars represent 
back-transformed means, and error bars represent back-transformed 95% confidence intervals. 



3-fold infiltrations of kinetin and trans-zeatin were per- infiltrations of 100 ug ml" 1 resulted in inconsistent stro- 
formed to counteract potential degradation of the cyto- mule induction and starch accumulation after 2-3 days 
kinins by the plant, which was suspected after single (data not shown). To minimize the influence of hormone 
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degradation, single infiltrations were performed using the 
synthetic cytokinin 6-Benzylaminopurine (BAP). This hor- 
mone is broken down much slower than other cytokinins 
when applied exogenously and can still be detected in plant 
tissue 6 weeks after infiltration [29]. A gradient of 1 ug ml -1 , 
10 ug ml" 1 , 50 ug mf 1 and 100 ug ml" 1 BAP was infiltrated 
into tissue and stromule frequency was evaluated. At only 
2 days post-infiltration there was a significant induction of 
stromules at all concentrations except 1 ug ml -1 , which 
was comparable to the control infiltration (Figure 5H). 
100 ug ml" 1 BAP-infiltrated tissue had an average SF value 
of 45%, a SF comparable to that of GV and GVR evaluated 
at 3 days post-infiltration (compare Figure 5H to Figures 1C, 
2E, 3B, 4A). Plastids were also seen to form clusters around 
nuclei (Figure 5G) and extensive starch staining (Figure 51), 
similar to observation made following hormone infiltration 
and treatment with tzs containing bacterial strains. Al- 
though the physiological symptoms induced following bac- 
terial infiltrations are not as severe, it appears that direct 
infiltration with cytokinin is capable of mimicking the ef- 
fects of tzs expression by A. tumefaciens. 

Discussion 

Stromules are induced under a wide range of biotic and 
abiotic stresses, and based on our previous observation that 
the number of stromules increases following infiltration of 
GVR into N. benthamiana leaf tissue [10], we suspected 
this phenotype may be indicative of cellular changes during 
Agrobacterium-medmted transient assays. Under conditions 
typical of transient assays (OD 600 = 0.8, microscopy 2-3 
days post-infiltration) we confirmed the previously reported 
stromule induction by GV3101 (pMP90) (GV) and found 
that GV triggers alterations to plastid position and starch 
accumulation. The use of transient assays assumes that the 
cells observed are displaying authentic sub-cellular beha- 
viour, but these significant changes in chloroplast mor- 
phology, position and carbohydrate content indicate that 
cells assumed to be 'normal' might actually be very different 
from non-infiltrated neighbouring tissue. The determi- 
nation of the Inducing agent' responsible for such cellular 
changes was imperative to understanding the magnitude of 
GV's impact on plant physiology within transient systems. 
Based on the observation that infiltrated tissue was dis- 
playing symptoms characteristic of increased cytokinins, 
such as the formation of green islands during senescence 
and increased starch accumulation, we performed experi- 
ments to determine if this was the 'inducing' agent respon- 
sible for the plastid related changes observed. 

Agrobacterium strain dependant secretion of cytokinins 
correlates with stromule induction and starch 
accumulation 

Wild type A. tumefaciens strains are known to harbour 
cytokinin synthesis genes, which are transferred with the 



T-DNA to the plant cell forcing transformed cells to pro- 
duce cytokinins. In the course of disarming the wildtype 
A. tumefaciens strains for laboratory use, the tumor indu- 
cing T-DNA was removed from the wildtype Ti-plasmid, 
thus removing the ability of the bacteria to induce cytoki- 
nin production by the plant. However, some A. tumefa- 
ciens strains, such as C58 (the wild type ancestor of GV), 
are capable of secreting a significant amount of cytokinin, 
specifically £raws-zeatin, into the culture medium even in 
the absence of plant cells (concentrations of up to 35 uM 
measured by [30]). Cytokinin accumulation in culture was 
found to be the direct result of the activation of the tzs 
{trans-zeatin synthase) gene [30], an isopentenyl transfer- 
ase (IPT) gene situated outside of the wild type T-DNA 
boundaries, in very close proximity to the vir region of the 
Ti plasmid [30,31]. The tzs gene was not removed during 
the creation of the disarmed Ti-plasmid pMP90 [17] har- 
bored by GV [32]. The ability of GV cells to stay viable in 
leaf tissue for more than two weeks after infiltration [9], 
coupled with our observation that infiltrated tissue de- 
veloped strong physiological symptoms characteristic of 
high cytokinin levels (Figure 2H and 2K), suggests that 
GV is also a constant and significant source of cytokinin 
in plant tissue in the days following infiltration. In support 
of this hypothesis LC-MS/MS measurements indicated 
the accumulation of £ra#s-zeatin in GV-infiltrated tissues 
(Figure 4E). 

In contrast to GV, we found that LBA (LBA4404), 
which is an octopine strain, does not induce the same 
level of starch accumulation (Figure 2K), the green is- 
land phenotype (Figure 2H), or any significant increase 
in either trans-zedXin or its riboside (Figure 4E, 4F). This 
is in line with previously published data suggesting that 
octopine strains lack the tzs gene on their Ti-plasmids, 
and are thus incapable of secreting high levels of trans- 
zeatin in culture [30,32]. 

Evidence supporting the role of the tzs gene in the 
production of the 'inducing agent' responsible for al- 
tering plastid-based parameters came from our curing 
of GV, which resulted in a drastic decrease in cytokinin 
indicators and stromule induction. More definitive evi- 
dence for the causal link between tzs derived cytokinin 
and stromule induction was derived from the cloning of 
tzs into pLSU and transformation into LBA. The re- 
sulting strains (LtZl-4) increased stromule frequency, 
stromule length and dark starch staining reminiscent of 
GV and GVR infiltrations. Additionally, all these symp- 
toms were correlated with an increase in both trans-zea- 
tin and its riboside within infiltrated tissues, confirming 
that the cloned tzs gene was functional. The 'gain- 
of-function' phenotype of LBA following addition of a 
single gene, tzs, defines a role for this gene in the pro- 
duction of bacteria-derived cytokinins as well as signifi- 
cant changes to the cell. 
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After establishing causality between the tzs gene and 
alterations to plastids via the generation of the LtZ 
strain, causation between cytokinins themselves and the 
effects observed was established via direct infiltration 
with three different cytokinins, trans -zeatin, kinetin and 
BAP. Infiltrated cytokinins were found to influence plas- 
tid morphology and starch accumulation, but our ability 
to produce the same magnitude of change as that in- 
duced by tzs containing A. tumefaciens strains was lim- 
ited. We suggest several possible explanations for this. 
The first being that it was very difficult to assess what 
concentration of hormone should be used in our infiltra- 
tions, as it was very difficult to determine the amount of 
cytokinin the bacteria produced to elicit the given re- 
sponse in plant tissue. A. tumefaciens anchors to the 
plant cell wall during infection [33], and secretion of the 
cytokinin by the immobilized bacteria would likely lead 
to a highly localized accumulation of cytokinin and a 
non-homogeneous distribution of hormone within the 
plant tissue. In addition, free-base cytokinins (like trans- 
zeatin) preferentially accumulate in the chloroplast, lead- 
ing to the non-uniform distribution of hormone at the 
cellular level, further hindering the ability to determine 
their concentration at their point of action [34]. Thus, 
although our method of measuring whole leaf homogen- 
ate provides a good first estimation of the changes in 
trans-ze&tm induced by A.tumefaciens, it could lead to 
the underestimation of the absolute amount of cytokinin 
required to elicit the observed changes to plant physi- 
ology. The second problem we faced in attempting to in- 
filtrate hormones directly was that single infiltrations 
with £ra«s-zeatin or kinetin did not consistently induce 
stromules or starch staining, suggesting their possible in- 
activation. Cytokinin oxidases, important cytokinin inac- 
tivators [35], are actually known to be up-regulated by 
the presence of the hormone itself [35,36], meaning that 
upon infiltration with cytokinins we could simultan- 
eously have triggered their increased inactivation. The 
third issue was the possible diffusion of infiltrated hor- 
mones away from the infiltration zone, as indicated by 
extensive starch staining of infiltrated leaves (Figure 5C, 
5D and 51). This likely resulted in a decrease in the con- 
centration of the hormone in the infiltrated region and 
additionally prevented us from controlling the amount 
of hormone in the infiltration zone. Although we could 
not prevent hormone diffusion, we have used BAP as an 
alternative to £ra#s-zeatin and kinetin in infiltrations, 
due to an increased resistance to degradation [29]. A 
gradient of BAP showed that single infiltrations of the 
hormone with concentrations as low as 10 \ig mf 1 were 
capable of significant stromule induction at only two 
days post-infiltration (Figure 5H). It should be noted 
that the concentration of trans -zeatin measured in the 
supernatants of C58 cultures by Powell et al. [30] was 



comparable to this value (35 \iM = 7.67 \ig ml" 1 ). In- 
creasing concentrations of the hormone (1-100 [ig ml -1 ) 
resulted in a corresponding increase in stromule num- 
ber, thus causally linking the hormone and the formation 
of these protrusions from the plastid body. 

The expression of the tzs gene increases the abundance 
of multiple cytokinin species 

Multiple infiltrations with pure trans-zeatin indicated 
that this hormone is sufficient to mimic the effects of tzs 
expression by the bacteria and induce changes to plastid 
morphology and position. However, it is important to 
note that the expression of the tzs gene is known to in- 
crease the abundance of other cytokinins [37], which 
could also influence the measured plastid parameters. 
The tzs gene product exhibits catalytic activity specific 
to both HMBDP (precursor of £ra«s-zeatin-type cytoki- 
nins) and DMAPP (precursor for iP-type cytokinins) 
substrates, meaning that this enzyme is capable of acting 
in multiple cytokinin biosynthesis pathways that produce 
multiple cytokinin species [37]. The cloning of the C58 
tzs gene into E.coli and subsequent measurements of cy- 
tokinins secreted into culture fluids showed that al- 
though the increase in trans-zeatin was the most 
obvious (from 11 ngL" 1 before tzs added to 19,900 ngL 
1 after the addition), there was also a increase in iso- 
pentenyladenine (iP)-type cytokinins (from 120 to 8,700 
ngL -1 ), £ra«s-ribosylzeatin (from <1 to 236 ngL" 1 ) and 
/so-pentenyladenosine (iPA)-type (25 to 85 ngL" 1 ) cyto- 
kinins [27]. The sensitivity of the cell to the different 
species seems to depend largely on the ligand preference 
of the cytokinin receptors present [38,39] . Based on data 
from Arabidopsis and maize it seems that iP and trans- 
zeatin are most often preferred [38,39], but the sensitiv- 
ity of N. benthamiana receptors is unknown. For this 
reason, although we can say that cytokinins are changing 
plastid morphology, at this point we cannot speculate 
further as to which product of the tzs gene has the great- 
est influence on the measured parameters. 

Exposure to tzs-derived cytokinins alters cell physiology 

Our experiments establish that GV and other tzs con- 
taining strains are a constant source of significant 
amounts of cytokinin when infiltrated into leaf tissue, 
and that this is the cause for the observed changes to 
plastid morphology in the relatively short time-scale of 
transient assays. Previous studies have also observed 
changes to chloroplast structure following exposure to 
elevated cytokinins. For example, the formation of crys- 
talloids or an amoeboid-like' morphology is characteris- 
tic of plastids in the leaves of stable transgenic tobacco 
overexpressing cytokinin synthesis genes [34,40]. Al- 
though we never observed crystalloids, the description 
of the amoeboid-like' plastid structure is reminiscent of 
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our observations of multiple stromules emanating from 
a single plastid body. Thus, it seems that, although the 
exposure of plants to to-derived cytokinins is limited to 
a few days in the transient assay system, the physio- 
logical changes triggered by this short exposure are sig- 
nificant enough to favour the alteration of the plastid 
membrane in a manner similar to long term exposure. 

We have shown that the short duration of GV-based 
transient assays is also sufficient to induce changes in 
carbohydrate content, as evident by an increase in starch 
and soluble sugar (sucrose and glucose) content in infil- 
trated tissue. This finding is concurrent with literature 
reports that implicate cytokinins in the regulation of tis- 
sue carbohydrate status and carbohydrate partitioning, 
thereby influencing the source/sink status of a tissue 
(reviewed in [25,26,41]). This suggests that during a 
typical transient assay the secretion of to-derived cyto- 
kinins may be significant enough to switch the carbohy- 
drate status tissue from a source to a sink. 

The formation of stromules has been frequently ob- 
served in tissues considered to be sinks for carbo- 
hydrates [42]. This idea is supported by the work of 
Schattat and Klosgen [43], which showed that treatment 
with exogenous glucose and sucrose induced stromules 
in Arabidopsis thaliana upper leaf epidermis. This could 
suggest that the observed stromule induction is a conse- 
quence of elevated soluble sugar levels induced by to 
cytokinins. However, in contrast to A. thaliana, the in- 
creases in soluble sugars were not as clearly correlated 
with an increase in stromule frequency. Despite the 
absence of the to gene in LBR, there was a significant 
increase in soluble sugars that was accompanied by only 
very small changes to stromule frequency relative to 
non-infiltrated treatments (Figure 2E, 21 and 2J). Al- 
though the increase in sugar level was more pronounced 
in GVR-infiltrated tissues, a direct connection between 
elevated sugar and altered plastid morphology in N. 
benthamiana remains to be established. 

Plastid relocation appears independent of stromule 
formation 

The intermediate phenotype of LBR observed during 
sugar measurements was also observed when PNAI was 
measured. In contrast to stromule induction, relocation of 
plastids to the nucleus was not completely abolished in 
strains lacking the to gene (LBR or GVC), which resulted 
in intermediate or GV-like phenotypes (Fig 2G). Plastid 
proximity to the nucleus and the incidence of stromules 
has often been discussed as though these two phenomena 
are functionally related [44-46]. However, clustering of 
plastids around the nucleus has been reliably observed 
preceding cell division, and is suggested to ensure un- 
biased organelle inheritance [47], and this phenomenon 
may be unrelated to the formation of stromules. It has 



long been known that treatment with a very minimal 
amount of exogenous cytokinin (lug L _1 ) is capable of 
inducing cell division in tobacco tissue culture [48]. 
We found that single treatments with £ra«s-Zeatin 
(100 mg ml" 1 ) induces plastids to reliably cluster around 
the nucleus (data not shown), a treatment that did not re- 
liably induce stromules, suggesting that plastid position 
seems to be independent of stromule formation, and pos- 
sibly more sensitive to the hormone. A higher sensitivity 
of PNAI to cytokinins could offer one explanation for the 
frequent association of plastids with nuclei in some LBA 
and cured treatments, which occurred in conjunction with 
low levels of stromule induction. 

Are stromule induction, starch accumulation and plastid 
relocation pathogen related responses? 

Our experiments are not the first to elucidate the effect of 
disarmed A. tumefaciens strains on infiltrated leaf tissue. 
In two other studies, which focused on plant-pathogen in- 
teractions, it was found that infiltration of tobacco with 
standard disarmed laboratory strains (including GV3101 
(pMP90)) interferes with subsequent infections with to- 
bacco mosaic virus (TMV) and Pseudomonas syringae 
[8,9]. In addition to reducing infection symptoms, infil- 
tration of 'disarmed' Agrobacterium strains altered the 
expression of pathogen responsive gene PR-1 (pathogen 
related 1), induced chlorosis, inhibited leaf expansion and 
reduced ABA levels and SA production induced by P. syr- 
ingae [8,9]. Cells cured of the Ti-plasmid elicited these re- 
sponses to nearly the same extent as the original strains, 
leading the authors of both studies to the conclusion that 
these pathogen related responses occur independent of 
Ti-plasmid encoded gene products [8,9]. In contrast to 
these Ti-plasmid independent phenotypes, we found stro- 
mule formation, plastid relocation and starch accumu- 
lation to be highly dependent on Ti-plasmid derived 
cytokinins. Although we cannot exclude that Agrobacter- 
ium-denved factors might modulate the induction of these 
processes to some extent, the fact that we were able to 
mimic the infiltration of to harbouring bacteria with hor- 
mone solutions shows that other bacteria-derived factors 
are not essential to induce the observed reactions. There- 
fore it seems most likely that stromule formation is not a 
result of a pathogen specific reaction of the cells. 

Evaluating Agrobacterium-mediated transient assays 

GV is a favoured laboratory strain, likely due to its high 
transformation efficiency. In most protocols the bacteria 
is adjusted to an OD of 0.8, as we did in our experi- 
ments, however lower densities have been found to yield 
sufficient expression of transgenes [49]. This leads to the 
hypothesis that lowering the concentration of bacteria 
used during GV-based experiments might reduce the ad- 
verse effects of this particular strain, while maintaining a 
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sufficient amount of transient gene expression. Using 
the induction of stromules as a 'bio-indicator' for cytoki- 
nin accumulation, we have briefly tested whether there 
is a concentration of GVR where we observe the trans- 
gene, but do not observe stromules. Preliminary results 
indicate that even at an OD 600 of 0.01, when very little 
DsRed2 was detected, GVR can still induce SF values 
close to 30% 3 days post-infiltration (data not shown). 
Suggesting that despite a drastic decrease in the amount 
of bacteria, cytokinin still accumulates to a level suffi- 
cient to induce changes to the plastid. Using stromules 
as an indicator, the viability of this strategy could be fur- 
ther tested for highly expressed and stable transgene 
products. This may allow for the reduction of the OD to 
a level where stromules are no longer induced but the 
visibility of the proteins is maintained. 

An alternative strategy to lower the impact of the 
bacteria-born cytokinins is to limit exposure time by 
analysing tissue as soon as expression of the transgene is 
detectable. However studies in Arabidopsis have revealed 
the impact of cytokinin on gene expression and the 
proteome is widespread and immediate [50-52]. For 
example, treatment of seedlings with 5 uM exogenous 
cytokinin results in the differential expression of 82 
genes [50] and the differential regulation of 96 proteins 
within the first 15 minutes [52]. Most of the proteins 
were localized to the chloroplast (52%), but others were 
predicted to localize to the cell wall, cytoplasm, ER, 
nucleus, mitochondria, and vacuole [52]. Although such 
responses must be evaluated for N. benthemiana in the 
context of transient experiments, it appears that even 
short-term exposure to low levels of hormone have the 
potential to affect the composition of multiple cellular 
compartments, and the influence of bacteria-derived 
cytokinins during transient assays may be much more 
extensive than originally hypothesized. 

In addition to changing parameters of the infiltration 
and analysis protocol, an obvious solution is to use an 
A. tumefaciens strain that is devoid of the tzs gene. Thus 
the LBA strain, which lacks the tzs gene, may be more 
appropriate for use in a transient system. However, even 
this strain induces weak changes to chloroplast mor- 
phology, position, and soluble sugar levels. This is most 
likely due to the accumulation of additional cytokinin 
species. Both nopaline (e.g. GV and GVR) and octopine 
A. tumefaciens strains (e.g. LBA and LBR) secrete iP, and 
the production of this cytokinin continues in both 
strains even after the removal of the Ti-plasmid [31]. 
Although our data suggests that the largest impact of 
A. tumefaciens is the result of strain-dependant secretion 
of tes-born cytokinin, other bacterial factors should not 
be discounted when interpreting the results of transient 
assays. The variable impact of different bacterial strains 
observed here highlights the need for appropriate 



controls that evaluate the impact of each bacterial strain 
on the process under observation. 

Conclusion 

There is no denying that Agrobacterium -mediated transi- 
ent assays provide a valuable tool for the investigation of 
protein localization and gene expression in the context of 
living cells. However, whether the cells visualized during 
these assays represent normal' cells has been called into 
question. We have reported that drastic changes to 
chloroplast shape, position, and carbohydrate status are 
the result of the strain-dependant secretion of cytokinin 
into plant tissue by the bacteria. Although we have only 
examined the effect of transient A. tumefaciens infestation 
on one organelle, altered plastid shape and starch content 
are indicative of an effect on the physiology of the entire 
cell. We emphasize the importance of designing appro- 
priate controls to test the influence of the bacteria on the 
structures under observation, as well as confirming tran- 
sient assay results via the generation of stable transgenic 
lines when possible. 

Methods 

Plant material and growth conditions 

Plant material was grown on soil under short day condi- 
tions (8 h light/ 16 h dark) at a temperature of approx. 20°C 
(day and night) and a light intensity of approx. 120 uE m~ 2 . 
Infiltrations were performed in the third or fourth leaf of 
four to six week old plants grown on soil. For visualization 
of plastids and stromule morphology transgenic N. bentha- 
miana lines expressing a stroma targeted eGFP were used 
(generation of plants lines described in [10]); chimeric 
FNR-EGFP described in [15]. To rule out the possibility 
that observed effects are caused by T-DNA insertion in a 
certain region of the genome of transgenic plants all experi- 
ments were performed in three independent transgenic 
lines (FNR-EGFP_7-25; FNR-EGFP_6-24; FNR-EGFP_3-20) 
originating from independent transformation events. 

Bacterial strains and culture 

Agrobacterium strains used for experiments are listed in 
Table 1. Both GV [17] and LBA [53], were transformed by 
electroporation (Bio-Rad, E.coli Pulser) with the T-DNA 
vector pCP60-35S-DsRed2 source described in [10]. This 
vector harbours a 35S -promoter driven expression cas- 
sette expressing untagged DsRed2, and confers resistance 
to kanamycin in bacteria. A. tumefaciens strains were 
grown on YEB agar plates or YEB liquid medium accor- 
ding to [54] and were supplied with the respective anti- 
biotics (rifampicin 100 ug ml-1; gentamycin 20 ug ml-1; 
kanamycin 100 ug ml-1; strep tinomycin 100 ug ml-1) 
(Duchefa Biochemie, Haarlem, Netherlands). 
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Curing GV3101(pMP90) 

In order to cure the A. tumefaciens strain GV3101 
(pMP90) of its Ti-plasmid (pMP90) a modified protocol 
based on the method described by Engler et al. [55] was 
used. To cure GVR we grew streaks of single colonies on 
YEB plates at 37°C for a period of 5 days. The plates con- 
tained kanamycin and rifampicin. Gentamycin resistance 
is specified by the Ti-plasmid, and so was not included in 
the media, thus eliminating pressure to retain the plasmid 
(summary of strain antibiotic resistance in Table 1). For 
selection of cured GV3101 (absence of pMP90) 30 single 
colonies were picked and transferred to two plates har- 
bouring different antibiotic combinations, one with kana- 
mycin/rifampicin and one with kanamycin/rifampicin/ 
gentamycin, and allowed to grow at room temperature. 12 
out of 30 picked colonies showed no growth on gen- 
tamycin containing plates after 7 days, indicating potential 
curing, 3 of these are shown in supplementary Additional 
file 1: Figure SI A. 4 out of these 12 strains were tested 
for the presence of the tzs gene via PCR (Additional 
file 1: Figure SIB) with primers specific to the tzs gene 
(Additional file 2: Table SI). Primers specific to the nptlll 
gene (Additional file 2: Table SI) of the pCP60-35S- 
DsRed2 acted as a positive PCR control (Additional file 1: 
Figure SIB), as this vector should have been retained dur- 
ing the curing process (primers from Eurofins MWG 
Operon, Ebersberg, Germany). As an additional check three 
of these were chosen for infiltration into N. benthamiana 
and the lower epidermis of screened for expression of 
DsRed2 using a confocal microscope. Cured lines, pre- 
sumably lacking the virulence genes contained on the Ti 
plasmid, were not capable of facilitating DsRed2 expres- 
sion in plants (Additional file 1: Figure S1E and S1G). 

Cloning tzs from GV and transformation into LBA 

A 4.3 kb fragment including the tzs coding region and ap- 
proximately 2 kb upstream and 1.7 kb downstream was 
amplified using primers specifically designed for RF clon- 
ing (described by [56]) of the fragment into the pLSU bin- 
ary vector (te54kb_pLSU_F:gctagcgcgcggacaagctaggattgg 
ctcaggcagcttcgcagcgaaac, tes4kb_pLSU_R: ttgagacacaacgt 
ggatctaattgctgatagaggagaccagagtaactt). RF cloning was fol- 
lowed by transformation into DH5a and selection on LB 
containing kanamycin, DNA from four different colonies 
was isolated and transformed into LBA. Resistant LBA 
colonies were tested via PCR for the presence of tzs 
using primers internal to the tzs coding region (Refer to 
Additional file 2: Table SI). 

Infiltration of Agrobacteria into N. benthamiana leaves 

Infiltrations were carried out according to standard tran- 
sient expression protocols. 1 ml of the bacterial over night' 
culture was pelleted, re-suspended and allowed to incu- 
bate in the acetosyringone (Sigma-Aldrich, Deisenhofen, 



Germany) containing infiltration media (AIM consisting 
of 10 mM MgCl 2 , 5 mM MES pH 5,3 (both from Roth, 
Karlruhe, Germany) and 150 uM acetosyringone) prior to 
infiltration. Following 2 h incubation the optical density of 
the suspension was adjusted to OD 60 onm = 0.8. AIM alone 
(buffer control) and the A. tumefaciens strains were 
infiltrated into the bottom side of the third or fourth leaf of 
6-8 week old N. benthamiana plants with a needless 
syringe. To allow for better comparison between the results 
of independent infiltrations in different leaves, we infil- 
trated one half of the leaf with the control and the other 
half with the treatment. After 48-72 hrs leaf discs of the 
infiltrated areas, as well as a non-infiltrated control were 
harvested and the lower leaf epidermis was observed using 
an epifluorescence microscope or confocal microscope. 

Staining and tissue preparation for microscopy 

To stain nuclei of N. benthamiana, leaf disks were incu- 
bated in 20 uM DAPI (Roth, Karlsruhe, Germany) for 
10 minutes. 

For visualising starch, leaves were excised from plants 
and placed in petri-dishes containing 100% ethanol 
(Roth, Karlsruhe, Germany) where they were allowed to 
de-stain overnight at room temperature. Once fully 
bleached, leaves were rinsed with water, and 6 mL iodine 
(Roth, Karlsruhe, Germany) was added to stain starch. 
After 30 min - 1 hr stained leaves were rinsed and excess 
stains was removed via suspension of leaves in water for 
4-5 hrs at room temperature. 

Measurement of sucrose and glucose concentration 

For glucose and sucrose measurements of non-infiltrated, 
buffer- infiltrated (AIM), as well as bacteria-infiltrated tis- 
sue, treatments were administered as described previously. 
For biological and experimental replicates 3 leaves (3 rd , 4 th 
and 5 th ) of 7 plants were infiltrated. Each leaf was infil- 
trated with AIM on one half and the other half went un- 
treated or was infiltrated with one of the bacteria strains. 
After 48 hours leaf disks were harvested and frozen in 
liquid nitrogen. Sucrose and glucose quantification was 
performed as described in [57]. 

Cytokinin measurements 

Frozen plant material was homogenized to a fine powder 
with a mixer mill MM301 (Retsch, Haan, Germany) at a 
frequency of 25 s" 1 for 50 s with a single 5 mm diameter 
steel bead in a 2 ml Eppendorf tube. The resulting powder 
was extracted with 200 ul methanol containing 5 ng each 
of [ 2 H 5 ]£raws-zeatin and [ 2 H 5 ] trans -zeatin 9-riboside 
(OlChemlm Ltd. Olomouc, Czech Republic) as internal 
standards. After vigorous shaking for 20 min, the slurry 
was centrifuged twice at 10,000 g for 5 min. The final 
supernatant was diluted with 800 ul aqueous formic acid 
solution (2% v/v) and subjected to solid phase extraction 
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(SPE). The SPE 96-well plate was prepared by distributing 
dry HR-XC-resin (Macherey-Nagel, Duren, Germany) into 
the wells of a 96-well filtration plate (50 mg per well). The 
resin was conditioned by 1 ml of methanol followed by 
1 ml of water. In this and all subsequent steps, the liquid 
was passed through the resin by centrifugation at 250xg 
for 5 min using a JS5.3 swing-out rotor in an Avanti 
J-26XP centrifuge (Beckman Coulter, Fullerton, CA, USA). 
After loading the samples, the resin was washed with 1 ml 
of water, followed by 1 ml of methanol and eluted with 
0.35 M NH 4 OH in methanol into a 96 deep well plate 
(Roth, Karlsruhe, Germany). The eluates were transferred 
to 2 ml Eppendorf tubes and the solvent was evaporated 
under vacuum in Savant SC210A Speed Vac Concentrator 
at 45°C (ThermoFisher Scientific, Waltham, MA, USA). 
The dry residue was dissolved in 40 \A 10% (v/v) methanol. 
After dilution with 40 \A of water and centrifugation at 
10,000 g for 10 min, the samples were transferred to auto- 
sampler vials for LC-MS/MS analysis. 

Separations were performed on a Nucleoshell RP18 col- 
umn (50 x 3 mm, particle size 2.7 |im; (Macherey-Nagel, 
Duren, Germany) at 30°C using an Agilent 1290 Infinity 
HPLC system. Eluents A and B were water and aceto- 
nitrile, respectively, each containing 0.2% (v/v) acetic acid. 
After an initial hold at 2% B for 0.5 min, the percentage of 
B was increased to 28% over 3 min, further increased to 
98% in 0.5 min followed by an isocratic period of 1.5 min 
at 98% B. The starting conditions were restored within 
the next 0.5 min, and the column was allowed to re- 
equilibrate for 1 min at 2% B. The flow rate was set to 
0.5 ml/min. The analytes were detected on-line by ESI- 
MS/MS using an API 3200 triple-quadrupole LC-MS/MS 
system equipped with an ESI Turbo Ion Spray interface, 
operated in the positive ion mode (AB Sciex, Darmstadt, 
Germany). The ion source parameters were set as follows: 
curtain gas: 50 psi, ion spray voltage: 3500 V, ion source 
temperature: 650°C, nebulizing and drying gas: 70 psi and 
50 psi, respectively. Triple quadrupole scans were ac- 
quired in the multiple reaction monitoring mode (MRM) 
with Ql and Q3 set at "unit" resolution. Scheduled MRM 
was performed with a window of 90 s and a target scan 
time of 0.1 s. Selected MRM transitions and compound 
specific parameters are given in Supplemental Additional 
file 3: Table S2. 

Peak areas were calculated automatically using the 
IntelliQuant algorithm of the Analyst 1.6.2 software 
(AB Sciex, Darmstadt, Germany) and manually adjusted 
if necessary. All subsequent calculations were performed 
with Excel (Microsoft Office Professional Plus 2010). 
Hormones were quantified using the internal standards. 

Hormone treatments 

Stock solutions of £ra#s-zeatin and kinetin (both from 
Duchefa Biochemie, Haarlem, Niederlande) were made 



by first dissolving powdered hormone in 0.5 mL 1 N 
NaOH (Roth, Karlsruhe, Germany). These stock solu- 
tions were then used to prepare the 100 (ig ml" 1 working 
solutions that were used for subsequent infiltrations. A 
control infiltration was performed that contained NaOH 
solution at the same concentration (2.28 mM NaOH) as 
in the treatment condition (basic solution used to in- 
crease solubility of hormones). £raws-zeatin and kinetin 
were administered with a needless syringe via the same 
method outlined for A tumefaciens infiltration. Solu- 
tions were infiltrated 3 times into the same area of the 
leaf over the course of 3 consecutive days, and micros- 
copy was performed 2 days after the final infiltration. 
The procedure was the same for BAP gradient infiltra- 
tions (1, 10, 50 and 100 mg L" 1 ), except that infiltrations 
were performed only once, with microscopy completed 
2 days post-infiltration. Infiltrated control solutions con- 
tained NaOH in same concentration as in treatment 
condition. 

Microscopy and image processing 

Confocal microscopy was performed with an Axiovert 
mot LSM 510 from Carl Zeiss GmbH, Jena, Germany. 
DsRed2 and chlorophyll were imaged simultaneously in 
separate channels. DsRed2 was excited by a 543 nm laser 
line and the emitted light was filtered by a 560 - 615 nm 
band pass filter. Chlorophyll fluorescence was excited by a 
633 nm laser line and the emitted fluorescence was fil- 
tered by an 650 nm long pass filter. 

Epifluorescence images were taken with a non-motorised 
Axioskop2 Zeiss GmbH, Jena, Germany equipped with an 
Axiocam HRc CCD-Camera (Carl Zeiss, Jena, Germany). 
Fluorescence illumination was realised with an HBO 100 
Lamp house equipped with a mercury light bulb (HBO 
100 W/2 from Osram, Munich, Germany). EGFP, DsRed2 
and DAPI were imaged using the following filter from 
AHF-Analysetechnik (Tubingen, Germany): DsRed/GFP 
(F51-019), DsRed (F46-005), endowGFP (F41-017), DAPI/ 
GFP (F51-012). 

Image processing and image analysis 

Epifluorescence images were taken as z-stacks. The 
series of images was exported as a set of individual \tif 
files. The exported images were sharpened in Adobe 
Photoshop CS6 by applying an unsharpen mask to the 
single images. Images of one z-stack were subsequently 
flattened to obtain single images with an extended depth 
of focus. For the stacking process the free software pac- 
kage CombineZPBatch [58] was utilized, as outlined in 
[59]. For presentation purposes Epifluorescence images 
were converted to black and white, and inverted, allo- 
wing for better viewing of stromules on printed media. 
Therefore dual-band filter set images lose their colour 
difference of DAPI stain or DsRed2 to eGFP. However 
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the nucleus can still easily be identified in the images 
due to its size and position. 

Stromule number, stromule lengths and the association 
of plastids with the nucleus were counted using the cell 
counter' plugin and the measure' feature of Fiji [60]. 
Counts and length measurements were made per image 
neglecting plastids in guard cells. For stromule frequency 
every fully imaged epidermal plastid was counted. The 
mean stromule frequency for each treatment represents 
an average of counts from 9 different images (n = 9), each 
containing approximately 250-350 plastids (each treat- 
ment is represented by 2000 to 3000 plastids). For 
stromule length measurements 30 stromules were mea- 
sured per image. In order to avoid biased measurements, 
stromules were measured in a rectangle in the upper left 
corner of the respective images. We considered the forma- 
tion of short stromule branches as being independent 
from the elongation of the main stromule body. Based on 
this assumption stromule measurements were made on 
the longest stromule branches. 

Statistical analysis 

For each treatment three different plants from three in- 
dependent FNR-EGFP lines (3, 6, and 7) were infiltrated, 
and one disk was punched from the infiltrated region. 3 
images were taken per leaf disk, for a total of 9 images. 
Due to similarity between data sets from the different 
plant lines the data of the repeats were pooled. Stromule 
frequency (SF%) represents the proportion of plastids 
with one or more stromules. For calculation of SF% the 
number of plastids with stromules was counted and 
divided by the total number of plastids. The resulting 
data was arcsin transformed, and statistical analysis was 
performed on the transformed data. 95% confidence 
intervals and arithmetic averages were calculated, and 
back-transformed data was represented in bar graphs 
(transformations completed using Excel). We introduced 
PNAI to describe the absolute number of plastids in 
close association with a given nucleus. Stromule length 
and PNAI were represented as medians and box plots to 
better show the distribution of the data. 

Glucose and sucrose concentration were obtained 
from 7 leaves (n = 7) per treatment. In each case the 
AIM control was infiltrated into the same leaf as one of 
the treatments, AIM and treatment conditions of each 
of the 7 leaves was pooled and averaged (arithmetic 
average). To describe variance the standard deviation 
was calculated and T-tests were performed to compare 
normally distributed data, while the Mann- Whitney 
Rank Sum Test was used to compare data that failed a 
Normality Test, or Equal Variance Test. Comparisons 
were made between AIM and treatment conditions 
administered to the same set of leaves. Sigma Plot was 
used for statistical analysis of all data. 
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